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a b s t r a c t 
Lithium titanate with excess lithium (Li 2 + x TiO 3 + y ) is one of the most promising candidates among ad- 
vanced tritium breeders for demonstration power plant reactors because of its good tritium release char- 
acteristics. However, the tritium breeding ratio (TBR) of Li 2 + x TiO 3 + y is smaller than that of e.g., Li 2 O 
or Li 8 TiO 6 because of its lower Li density. Therefore, new Li-containing ceramic composites with both 
high stability and high Li density have been developed. Thus, this study focused on the development 
of a solid solution with a new characteristic. The solid-solution pebbles of Li 2 + x TiO 3 + y with Li 2 ZrO 3 
(Li 2 + x (Ti,Zr)O 3 + y ), designated as LTZO, were fabricated by an emulsion method. The X-ray diffraction pat- 
terns of sintered LTZO pebbles are approximately the same as those of Li 2 + x TiO 3 + y pebbles, and no peaks 
attributable to Li 2 ZrO 3 are observed. These results demonstrate that LTZO pebbles are not a two-phase 
material but rather a solid solution. Furthermore, LTZO pebbles were easily sintered under air. Thus, the 
LTZO solid solution is a candidate breeder material for super advanced (SA) tritium breeders. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Demonstration power plant (DEMO) reactors require deuterium
nd tritium as fuel. However, tritium does not exist in nature;
hus, it must be produced in a reactor by neutron irradiation of
ithium (Li). Lithium compounds comprising ternary oxides (LiAlO 2 ,
i 4 SiO 4 , Li 2 ZrO 3 and Li 2 TiO 3 ) have been proposed as tritium breed-
ng materials [1] . Among these, lithium titanate (Li 2 TiO 3 ) is one
f the most promising candidates for tritium breeding materials
or DEMO reactors because of its good tritium release character-
stics. The addition of hydrogen to an inert sweep gas has been
roposed as a method for enhancing tritium release from tritium
reeders. However, the mass of Li in tritium breeders decreases
nder a hydrogen atmosphere because of Li evaporation and
urn-up [2] . 
To prevent the loss of Li at high temperatures, Li 2 TiO 3 with ex-
ess Li (Li 2 + x TiO 3 + y ) has been developed as an advanced tritium
reeder material [3–5] . Li 2 + x TiO 3 + y exhibits relatively greater sta-
ility at high temperatures under a hydrogen atmosphere. In ad-∗ Corresponding author: Fax: + 81 175 71 6502. 
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Li 2 ZrO 3 , Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/ition, granulation technology of Li 2 + x TiO 3 + y has been established
y an emulsion method, and major granulation parameters such as
iameter, sphericity, density, grain size, molar ratio (Li/Ti), crystal
tructure, and crush load have been determined to deduce optimal
alues [6–7] . 
Although Li 2 + x TiO 3 + y pebbles have been recognized as a
rominent candidate material because of their chemical stabil-
ty and good tritium release, the tritium breeding ratio (TBR) of
i 2 + x TiO 3 + y is smaller than that of e.g., Li 2 O or Li 8 TiO 6 because
f its lower Li density. Therefore, new Li-containing ceramic com-
osites with both high stability and high Li density have been
eveloped. Two-phase mixtures such as mixtures of Li 4 SiO 4 and
i 2 TiO 3 have recently been developed as tritium breeder materials
8] . However, such two-phase mixtures have both advantages and
isadvantages over other materials. 
The present study focuses on the development of a solid
olution with a new characteristic. In a previous study, vari-
us solid solution of ternary lithium oxides have been stud-
ed as electrode materials for Li-ion batteries [9-10] . Because
he ionic radii of Ti and Zr are similar, the possibility of using
i 2 + x TiO 3 + y with Li 2 ZrO 3 (Li 2 + x (Ti,Zr)O 3 + y ), designated as LTZO,
olid solution as a super advanced (SA) tritium breeder material is
urveyed. nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
nced tritium breeders using a solid solution of Li 2+ x TiO 3+ y with 
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LiOH•H2O H2TiO3
Precursors mixed in the molar ratio of
Li/Ti = 2.20
Calcination
Li2+xTiO3+y
Mixture rotated 
at room temperature
Gelation
(a) Li2TiO3 with added Li (Li2+xTiO3+y)
Li2CO3 ZrO2
Precursors mixed in the molar ratio of 
Li/Zr = 2.00
Calcination
Sintering
Li2ZrO3
(b) Li2ZrO3
Fig. 1. Flow sheet of the solid-phase reaction processing steps. 
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Fig. 2. Illustrations of Li 2 + x TiO 3 + y with Li 2 ZrO 3 pebble fabrication by the emulsion 
method. 
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m2. Experimental 
2.1. Raw material preparation 
Li 2 TiO 3 with excess Li (Li 2 + x TiO 3 + y ) was synthesized by a
novel solid-phase reaction. Powders of LiOH •H 2 O and H 2 TiO 3 were
mixed in a proportion corresponding to a molar ratio Li/Ti of 2.20.
Mixtures of starting powders were continuously rotated using a ro-
tary mixing device at room temperature for 48 h in a polyethylene
container. The mixtures were then gradually converted into a gel
by solid-phase reactions at room temperature. Thereafter, the gel
was dried at 353 K for 24 h in an electrical air oven and subse-
quently, it was calcined at 973 K for 5 h in air. 
Li 2 ZrO 3 was synthesized by a standard solid-phase reaction.
Powders of Li 2 CO 3 and ZrO 2 were mixed in a proportion corre-
sponding to a molar ratio Li/Zr of 2.00. Mixtures of starting pow-
ders were continuously mixed at room temperature for 24 h using
a ball mill. Thereafter, the mixtures were calcined at 973 K for 5 h
in air and sintered at 1273 K for 5 h in air. These solid-phase reac-
tion processing steps are shown in Fig. 1. 
2.2. Pebble Fabrication by Emulsion Method 
The emulsion method is illustrated in Fig. 2 . The granulator
used in these experiments comprised two syringes arranged in a
T-shaped ﬂow path. One syringe was ﬁlled with oil, and the other
was ﬁlled with the slurry containing Li 2 + x TiO 3 + y and Li 2 ZrO 3 . The
slurry was prepared from Li 2 + x TiO 3 + y powder, binder (agar), andPlease cite this article as: T. Hoshino, Pebble fabrication of novel adva
Li 2 ZrO 3 , Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/ater. These mixtures were mixed in a ball mill at 323 K for 24 h.
he two ﬂow lines from the syringes were connected in a T-shaped
ow path, which allowed the slurry ﬂow to be mixed with oil
rom the oil-ﬁlled syringe. Details of pebble fabrication by emul-
ion method were described in a previous study [11] . 
The size of the resulting spherical tritium breeder gel particles
as controlled by adjusting the oil and slurry ﬂow rates. The gel
articles were deposited in an oil-ﬁlled container. After granula-
ion, the gel particles were cooled down in the container around
 283 K cooling water pool for 3 h. The obtained gel particles were
ubsequently calcined at 873 K for 5 h in air and sintered at 1373 K
or 5 h in air to control their grain size. 
The solid-solution pebbles of LTZO fabricated by an emul-
ion method are designated as LTZO10 (Li 2 + x TiO 3 + y with 10 wt%
i 2 ZrO 3 added) and LTZO20 (Li 2 + x TiO 3 + y with 20 wt% Li 2 ZrO 3 
dded). Their particle diameter and sphericity were measured by
ptical microscopy. The density of the sintered pebbles was mea-
ured using the mercury intrusion technique. The grain size was
nalyzed by scanning electron microscopy (SEM). The actual Li/Ti
ole ratio was analyzed by inductively coupled plasma atomic
mission spectroscopy (ICP-AES). The crush load was measured us-
ng a universal testing machine. The crystal structure was analyzed
y powder X-ray diffraction (XRD). 
. Results and discussion 
.1. Sintering conditions 
The predominant factor affecting grain growth was assumed to
e the presence of a binder in the gel particles. The binder includes
arbon (C) and oxygen (O), and CO 2 is generated by the pyroly-
is of the binder. CO 2 reacts with excess Li in Li 2 + x TiO 3 + y during
intering over 1073 K in air and generates Li 2 CO 3 , which promotes
rain growth. In the case of Li 2 + x TiO 3 + y , to inhibit the generation
f Li 2 CO 3 , the calcined Li 2 + x TiO 3 + y pebbles were sintered at 1073 K
or 3 h under vacuum and subsequently sintered at 1323 K for 5 h
nder a 1% H 2 –He atmosphere [12] . 
Generated CO 2 did not react with excess Li in LTZO during sin-
ering in air and did not generate Li 2 CO 3 . Therefore, the calcined
TZO pebbles were sintered at 1373 K for 5 h in air. Residual Li 2 CO 3 
as not observed on the surfaces or in the cross-sections of the
intered LTZO pebbles. Fig. 3 shows the sintering conditions of
he Li 2 + x TiO 3 + y pebbles and LTZO pebbles. The LTZO pebbles were
ore easily sintered under air compared to Li 2 + x TiO 3 + y pebbles. nced tritium breeders using a solid solution of Li 2+ x TiO 3+ y with 
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Li2+xTiO3+y slurry with binder
Li2+xTiO3+y pebbles
Gel particles
Emulsion method
Li2+xTiO3+y powder
Calcination (Vacuum)
and
Sintering (1%H2–He)
(a) Li2TiO3 with added Li (Li2+xTiO3+y)
(b) LTZO
LTZO slurry with binder
LTZO pebbles
Gel particles
Emulsion method
LTZO powder
Calcination 
and Sintering
(Air) 
Fig. 3. Flow sheet of the sintering conditions of Li 2 + x TiO 3 + y pebbles and LTZO peb- 
bles. 
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Fig. 4. XRD patterns of Li 2 + x TiO 3 + y pebbles, LTZO10 pebbles, and LTZO20 pebbles. 
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d.2. Crystal structure 
Crystal structures of Li 2 + x TiO 3 + y pebbles, LTZO10 pebbles, and
TZO20 pebbles were examined by XRD analysis; the results are
hown in Fig. 4 . The XRD patterns of these pebbles were ap-
roximately the same as that of Li 2 TiO 3 presented in the JC-PDF
atabase [13] , with no impurity peaks detected. Li 2 TiO 3 with ex-
ess Li is a non-stoichiometric compound Li 2 + x TiO 3 + y , as mod-
led by Kleykamp [14] . Li 2 TiO 3 with excess Li in single-phase
i 2 + x TiO 3 + y is expected to be stable under operating conditions,
peciﬁcally in a neutron environment at high temperatures. 
Furthermore, the crystal structure of Li 2 TiO 3 is monoclinic. In
ontrast, a cubic crystal structure was determined for Li 2 + x TiO 3 + y 
y XRD analysis. The JC-PDF database of #01-074-2257 shows the
rystal structure of cubic Li 2 TiO 3 with the main peak at a 2 θ posi-
ion of 43.6 – 43.7 ° that was also observed as main peak in case of
i 2 + x TiO 3 + y pebbles. 
Although LTZO10 and LTZO20 are mixtures of Li 2 + x TiO 3 + y and
i 2 ZrO 3 , the XRD patterns of the sintered LTZO10 and LTZO20
ebbles indicate the presence of single-phase Li 2 + x TiO 3 + y . Thus,
he present study indicates that LTZO10 pebbles and LTZO20
ebbles are not two-phase mixtures but rather solid solutions
f Li 2 + x TiO 3 + y and Li 2 ZrO 3 ; consequently, peaks associated with
i 2 ZrO 3 were not observed in the XRD patterns. 
.3. Grain size 
Fig. 5 shows SEM images of the surfaces and cross-sections of
i 2 + x TiO 3 + y pebbles, LTZO10 pebbles, and LTZO20 pebbles sintered
t 1373 K under air. The average grain size on the surface and in
he cross-sections of the sintered Li 2 + x TiO 3 + y pebbles was greater
han 10 μm ( Fig. 5 (a)). With respect to the tritium release charac-
eristics, the ideal grain size of sintered pebbles is less than 5 μm
 15 , 16 ]. According to the results obtained in the present study, con-Please cite this article as: T. Hoshino, Pebble fabrication of novel adva
Li 2 ZrO 3 , Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/rolling the grain size of Li 2 + x TiO 3 + y pebbles under air sintering
onditions is diﬃcult. However, the grain size of the LTZO pebbles
as decreased with increasing amounts of Li 2 ZrO 3 additive ( Fig.
 (b) and (c)). In particular, the average grain sizes on the surfaces
nd in the cross-sections of the LTZO20 pebbles were less than
 μm. Although Li vaporization during sintering was expected to
ary depending on the presence of excess Li, the ratio of Li/Ti did
ot change, as shown in Table 1 . Thus, the grain size of the LTZO
ebbles was easily controlled by varying the amount of Li 2 ZrO 3 ad-
itive in solid-solution LTZO pebbles. nced tritium breeders using a solid solution of Li 2+ x TiO 3+ y with 
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Fig. 5. SEM images of the surfaces and cross-sections of Li 2 + x TiO 3 + y pebbles, LTZO10 pebbles, and LTZO20 pebbles sintered at 1373 K under air. 
Table 1 
Li/Ti ratios of Li 2 + x TiO 3 + y pebbles, LTZO10 pebbles, and LTZO20 
pebbles sintered at 1373 K under air. 
Sample Li/Ti ratio 
Li 2 + x TiO 3 + y 2 .14 
LTZO10 2 .15 
LTZO20 2 .15 
 
 
 
 
 
 
 
 
Table 2 
Characteristics of the sintered Li 2 + x TiO 3 + y , LTZO10, and LTZO20 
pebbles fabricated by the emulsion method. 
Li 2 + x TiO 3 + y LTZO10 LTZO20 
Diameter (mm) 1 .08 1 .12 1 .14 
Sphericity 1 .04 1 .05 1 .05 
Density (% T.D.) 90 .5 84 .5 83 .4 
Grain size ( μm) > 10 > 5 < 5 
Ratio of Li/Ti 2 .11 2 .12 2 .15 
Crush load (N) 36 .9 30 .9 30 .4 
Crystal structure Single-phase Li 2 TiO 3 
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nTable 2 summarizes the characteristics of the Li 2 + x TiO 3 + y ,
LTZO10 and LTZO20 pebbles fabricated by the emulsion method
and sintered under air. The diameter and sphericity of the sintered
LTZO20 pebbles were 1.14 mm and 1.05, respectively. Theoretical
density (TD) was 83.4% TD, approaching the optimum density of
85% TD. In particular, the grain size of LTZO20 pebble is less than
5 μm. 
3.4. Annealing tests 
Li 2 + x TiO 3 + y pebbles, LTZO10 pebbles, and LTZO20 pebbles were
placed into a tubular furnace and annealed at 1173 K for 30 daysPlease cite this article as: T. Hoshino, Pebble fabrication of novel adva
Li 2 ZrO 3 , Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/nder a 0.1% H 2 –He atmosphere. Thereafter, the grain sizes of the
nnealed Li 2 + x TiO 3 + y pebbles, LTZO10 pebbles, and LTZO20 peb-
les were observed by SEM ( Fig. 6 ). 
The average grain size of the annealed LTZO10 pebbles was ob-
erved to increase with increasing annealing time and exceeded
5 μm after 30 days. However, the average grain size on the sur-
aces and in the cross-sections of the annealed LTZO20 pebbles did
ot change. nced tritium breeders using a solid solution of Li 2+ x TiO 3+ y with 
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Fig. 6. Grain structures of Li 2 + x TiO 3 + y pebbles, LTZO10 pebbles, and LTZO20 pebbles after 30 days of annealing at 1173 K under a 0.1% H 2 –He atmosphere. 
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eThus, the obtained data indicate that the LTZO20 pebbles are
he most promising solid solution of Li 2 + x TiO 3 + y with Li 2 ZrO 3 as a
uper advanced tritium breeder material. 
. Conclusions 
DEMO reactors require advanced tritium breeders with high
BRs and high stability at high temperatures. Li 2 TiO 3 with excess Li
Li 2 + x TiO 3 + y ) is a candidate breeder material for advanced tritium
reeders because of its good tritium release characteristics and
igh chemical stability. The granulation technology of Li 2 + x TiO 3 + y 
as been established by an emulsion method, and major granu-
ation parameters such as the diameter, sphericity, density, grain
ize, molar ratio (Li/Ti), crystal structure, and crush load were de-
ermined to deduce optimal values. Although Li 2 + x TiO 3 + y pebbles
ave some good properties, the TBR of Li 2 + x TiO 3 + y is smaller than
hat of e.g., Li 2 O or Li 8 TiO 6 because of its low Li density. Therefore,
ew Li-containing ceramic composites with both high stability and
igh Li density were developed. 
This study focused on the development of a solid solution with
 new characteristic. Because the ionic radii of Ti and Zr are sim-Please cite this article as: T. Hoshino, Pebble fabrication of novel adva
Li 2 ZrO 3 , Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/lar, the possibility of using the Li 2 + x (Ti,Zr)O 3 + y (LTZO) solid solu-
ion as a super advanced tritium breeder material is surveyed. The
olid-solution pebbles of LTZO10 (Li 2 + x TiO 3 + y with 10 wt% Li 2 ZrO 3 
dded) and LTZO20 (Li 2 + x TiO 3 + y with 20 wt% Li 2 ZrO 3 added) were
abricated by an emulsion method. The XRD patterns of the sin-
ered LTZO10 and LTZO20 pebbles were approximately the same as
hat of the Li 2 + x TiO 3 + y pebbles, and peaks attributable to Li 2 ZrO 3 
ere not observed. While the crystal structure of stoichiometric
i 2 TiO 3 is monoclinic at room temperature, the XRD pattern of the
i 2+x TiO 3+y , LTZO10 and LTZO20 pebbles indicated a cubic structure
imilar to the high temperature modiﬁcation of Li 2 TiO 3 . These re-
ults indicated that the LTZO pebbles are not a two-phase material
ut rather a solid solution. 
Controlling the grain size of the LTZO pebbles was simpler than
ontrolling the grain size of the Li 2 + x TiO 3 + y pebbles. In accordance
ith the considerations of tritium release characteristics, the op-
imum grain size has been determined to be less than 5 μm. Al-
hough the Li 2 + x TiO 3 + y pebbles were sintered under vacuum and
ubsequent 1% H 2 –He atmospheric conditions to obtain the target
alues, the LTZO20 pebbles with a grain size less than 5 μm were
asily prepared by sintering under air. nced tritium breeders using a solid solution of Li 2+ x TiO 3+ y with 
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 Collectively, these results demonstrate that the developed LTZO
solid solution has a strong potential for use as a super advanced
(SA) tritium breeding material. 
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